A database expansiom to include flaws with two proof tests, with combined tension and bending loads, and materials such as (but not limited to) 21-6-9 is underway. Time-consuming testing and analysis must be performed upon test completion to determine if the current surface flaw analysis procedure is applicable to these configurations and materials.
The program
The objective of this research program was to perform the R-Curve testing and analysis of test data.
The Scope of the program, as provided by MM in the Statement of Work, is detailed in the following tasks.
Task 1. Preliminary Analytical Studies of Existing Methodology
Task 1 work involves a study and evaluation of existing analysis methodology. The following evaluations should be applied to various experimental data.
a)
The adequacy of the J values used in R-Curve methodology should be verified. This study includes developing a method to estimate J as a function of crack front position.
b) The evolution of the crack front needs to be studied. Little data regarding crack front geometry exists in the current database. A better understanding of crack geometry evolution would lead to a more accurate analysis.
Task 2. Chraracterization of Constraint
Characterization of crack front constraint should be studied. It is theorized that this constraint varies with crack position and is a factor in crack front geometry.
Task 8. Development of Methodology
A method of using the experimental results in accurately predicting crack growth must be established.
Task 4. Data Generation
Experimental data for materials other than 2219 AI should be generated. The Equivalent
Energy R-Curve Methodology should be applied to this data to determine if the R-Curve methodology currently used at MM is applicable to other materials. MM will supply 21-6-9 test pannels for use in Task 4.
Task 5. Non-proportional Loading
The condition of combined tension and bending is neither well understood nor well documented. This condition is experienced by various ET flight harware and needs to be better understood. Testing of J parameters needs to be performed to determine the application that is best suited to model ET hardware.
This Report
The program had originally a period of performance from 3/8/91 through 9/30/91. Georgia
Tech requested, and was granted, a no-cost extension of the program until 12/30/91. Thus this is a Status Report, reflecting the progres made to date. The Final Report will be issued at a corresponding later date.
During these first six months of performance, efforts have been principally devoted to Task 1, 2 and 4, according to the original plan. Due to their intrinsic nature, Tasks 3 and 5 cannot be started until the others are completed.
ANALYTICAL STUDIES

Critical Review of Existing Methodology R-Curve Data
It was principally D.E. McCabe, [1] [2] [3] , who developed different aspect of a program to assess the bahavior and predict the crack growth charactistics of surface flaws in 2219-T87 TIG material. The most salient features of his multi-year project are summarized below:
* The program was devoted to 2219-TIG welds.
* R curves were developed for planar specimens of different geometries.
* R curves were developed for surface cracks. Method of analysis considers a) average crack length determined from change in the compliance corresponding to semielliptical defects, b) J is obtained by scaling up the value of G with a factor equal to the ratio of plastic to elastic area, i.e. it is based on equivalent energy (EE) concepts, or more precisely assumes that flel = flpi· * The former R curves compare well with those from cr specimens.
* Calibration curves were obtained for surface cracks in terms of load-crack mouth displacement, P-v. The curves were normalized in Key Curve format.
Expressions for J were obtained.
* Calibration curves were obtained for combined bending-tension loading, proportionally applied. Curves were normalized in Key Curve format. Expressions for J were obtained.
* R curve data were generated for combined loading cases. The agreement with two dimensional specimen data was not always good.
It was concluded that although the approaches used show promise it is stil mandatory to devote significant efforts to improve several areas before the methodology could be safely applied. Specifically, the following areas were identified:
The adequacy of the J values obtained using Equivalent Energy methods must be validated. Particulary for the case of combined bending and tension.
Crack growth needs to be included in the procedure. Method needs to be developed to estimate the value of J as a function of position along the crack front.
b)
The change in compliance gives one average va]ue of crack length. A method needs to be developed to get more information about the evolution of the crack shape. 
Key Curves or Calibration Curves
In the case of the 1/2 " thick plate, the material constants were, [3] : The J-integral can be defined as the difference in potential energy of two cracked bodies subjected to the same loading history, differing only in their crack length by a small amount, per unit cracked area difference, [5] . In the particular case of planar specimens the crack is characterized by one length parameter, i.e. a; the incremental cracked area is simply dA = B da, where B is the specimen thickness.
On the other hand, as pointed out by Ernst [ 4 ] , when two parameters are needed to characterize the crack, i.e. a and c in our case of 3D cracks, global values of J are linked to the particular way in which the virtual crack extension is taken.
In that study, three cases were considered: 1) increasing c, keeping a constant, 2) increasing a keeping, c constant, and 3) increasing both a and c to keep a/c constant. It was shown that for the thre~ ~ases the expressions for the plastic part of J, Jpl' are ~fa similar form, differing only in a coeff.Icient called 'lpl' [6] [7] . These values are global Jpl' I.e. JplG,a; JplG,c; and JplG,a/c respectively.
The expressions for Jpl' as a function of crack shape parameters and area under the P-vpl record, as a function of crack shape parameters and v pl' and as a function of crack shape parameters and P are given by the following equations: Although these developments are significant, it is important to emphasize here, that there are two problematic points that need to be resolved: * * It is not clear which one of the three methods of incrementing the cracked area, i.e. constant a, c or a/c, gives a result for J that it more appropriate or significant to this problem.
Values of J obtained with these approaches are 'global values'. There is still a need to obtain J as a function of position along the crack front.
Analysis Normalization Scheme
The incremental energy, 6E, needed to grow a crack from an initial to a final shape differentially close to the first one, normalized by the difference in crack area 6A, can be expressed as:
where J is a function of the position on the front; ds represents a differential element of arc along the crack front; dn represents the distance, along the normal direction, from the initial to the final crack front, and the integral is taken along the full perimeter of the crack front, 1.
At the same time, the quantity 6E is connected to the differential work done by the external forces, 6W, and the additional strain energy, 6U, absorved by the body as 6W I 6A = (6E + 6U) I 6A ( 4 ) Obviously the incremental quantities 6W and 6U can be obtained from global quantities, i.e. the load-displacement characteristics. In the special cases of growth at constant displacement, 6W = 0 and the above equation gives,
This is a general result independent of the initial and final shapes. Let us now consider the special case of a semielliptical crack with aspect ratio a/c, growing to a final shape that is also semi-elliptical and with the same a/c ratio. For this case, the expression fords, dl and dA, [ 4] , are:
where f is the elliptical angle as shown in Fig. 1 . Correspondingly, the energy rate 6E/6A
is given by,
where Jave and JG,a/c represent respectively, the linear average along the crack front and the global value of J, obtained by taking the incremental growth at a/c=constant, as discussed above. This is a result of the most significant importance: 1) the linear average of J along the front is numerically equal to the global J obtained by taking a growth step with a/c=constant (and not any other), 2) the result is independent of the material behavior, i.e. linear or non-linear elastic.
Thus, it applies to G, Jpl or total J. This result can be also used as a normalization requirement: "The linear average of J (or G) along the crack front has to be numerically equal to the difference in strain energy of two bodies with the same a/c and differentially differnt a/t ratio, per unit crack area difference." In what follows, the importance of this result will become more apparent.
Estimation o(J as a Function of Position
Several authors, [8] [9] , have demonstrated that the distribution of Jpl along the crack front follows that of G, for moderate amounts of plastic deformation. What sometimes is not so clear is how to find the coefficient of proportionally between the two distribution as a function of a/c, a/t, material deformation properties and applied deformation. This is the objective of this section.
Let us assume that Jpl and G, as functions of elliptical angle ., are linearly related:
Correspondingly the linear averages along the crack front will be also linearly related: Table 2 .
Results
Jpl(f) = D n-1 (J G (f) J (f) = G (f) (1 + D an-l) (a/t)-(2+mn)
CONSTRAINT EFFECTS
It is well known that constraint varies along the crack front. Moreover, it is also commonly accepted that the reason for the complex shape of the growing crack is due to the difference in constraint, and as a result different resistance to crack extension, along the crack front.
Preliminary studies have been conducted in this area. The literature has been reviewed and tentatively candidate constraint parameters have been identified. Among others, the T, [11 ] , and Q, [12] , stress factors, and the ratio of hydrostatic to Von Mises stress, h, [13] , seem to show promise. Work is under way to implement their use in this program.
Other parameters are also being evaluated. Specifically, it has been shown that the second order term in the series expansion of the crack opening displacement profile is proportional to the partial derivative of K with respect to crack length at constant load, [14] . This term is also highly dependent on the geometry and loading condition as T, Q and h are. The relative magnitude of this term compared to the first term in the series is proportional to the parameter L, defined as:
where G is the energy release rate and as represents an extension of the crack along the normal to the crack front. Work is under way to explore the possibilty of using this paran1eter as the second one to describe crack-tip fields and to attempt to connect L with those parameters mentioned above.
Preliminary results are shown in Figs. 8-10 . Plots of L vs fare shown for different a/c and a/t values. As it can be seen, for the case of a/c = 0.6 and 2 the special feature of a maximum (minimum) occurs at an intermadiate angle. This fact has been reported by some authors in terms of the other constraint parameters. It was decided to use 21-6-9 Stainless Steel provided by MM. The test matrix appears in Table 3 .
DATA GENERATION
R-Curves for side grooved and non-side grooved specimens are shown in Figs. 11-13 . It can be seen that both curves show the same slope of about dJ/da = 20,000 psi. On the other hand, the value of J at the point of departure from the blunting line is almost two times larger in the case of the non-side grooved specimens compared to that for the side grooved one. This seems to indicate that the variation in resistance to crack growth with constraint is appreciable.
The rest of the experimental progran1 is under way.
CONCLUSIONS
In this report the progress made to date in this project, after six months of performance, is presented.
Task 1: Analytical Studies
A critical review of the existent literature has been performed Important findings are shown: A method is presented to obtain values of J as a function os position along the crack front based on existing linear elastic solutions and P-vpl calibration curves needed for the specific material/geometry combination.
Task 2: Characterization of Constraint
Candidate parameters were identified. Their implementation for our cases of interest is under way.
A new parameter based on the crack opening displacement profile is being considered. Preliminary results are shown.
Task 4: Data Generation
R-Curve data are being generated on a 21-6-9 Stainless Steel provided by MM.
Preliminary results from CT specimens seem to show appreciable material suceptibility to constraint.
Task 8and 5
They will be started in the near future, when the other tasks are close to completion. 
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